Abstract: Group-III nitride-based ultraviolet (UV) quantum-disks (Qdisks) nanowires (NWs) light-emitting diodes grown on silicon substrates offer a scalable, environment-friendly, compact, and low-cost solution for numerous applications in solid-state lighting, spectroscopy, and biomedical. However, the internal quantum efficiency, injection efficiency, and extraction efficiency need to be further improved. The focus of this paper encompasses investigations based on structural optimization, device simulation, and device reliability. To optimize a UV-A (320-400 nm) device structure, we utilize the self-assembled Qdisks NWs with varying Qdisks thickness to study carrier separation in active-region and implement an improved p-contact-layer to increase the output power. By simulation, we found a 100× improvement in the direct recombination rate for samples with thicker Qdisks thickness of ∼5 monolayers (MLs) compared to the sample with ∼2 MLs-thick Qdisks. Moreover, the sample with graded top Mg-doped AlGaN layer in conjunction with thin Mg-doped GaN layer shows 10× improvement in the output power compared to the samples with thicker top Mg-doped GaN absorbing contact layer. A fitting with ABC model revealed the increase in nonradiative recombination centers in the active region after a soft stress test. This paper aims to shed light on the research efforts required for furthering the UV NWs LED research for practical applications.
Introduction
AlGaN-based ultraviolet (UV) to deep-UV (DUV) (3.5-6.2 eV) light emitting diodes (LEDs) technology is attractive for applications in environmental cleaning, medicine, printing, microscopy and lighting [1] , [2] . Although progress has been remarkable for planar LEDs based on this material, such diodes still exhibit low external quantum efficiency (EQE) close to 20% for UV-A and <1% for UV-C devices [3] - [5] . One of the main challenges is the absence of economical lattice-matched native substrate technology, which results in high dislocation density exceeding 10 9 cm −2 . This limits the internal quantum efficiency (IQE) to only 40% [6] . In addition, high polarization fields of several MV · cm −1 in such planar polar materials further increase carrier separation and make the useful radiative recombination process less efficient [7] . Furthermore, for large bandgap materials, reduced dopant ionization efficiency requires thick UV absorbing top p-GaN contact layer which considerably reduces the light extraction efficiency of such devices [1] .
Group-III-V nanowires (NWs) geometry, on the other hand, have shown reduced excitationinduced energy shift and short radiative lifetime in the range of picoseconds [8] , signifying that the quantum confined stark effect (QCSE) has low influence on these nano-structures. However, it has been recently reported that the center of InGaN quantum disks (Qdisks) has large straininduced polarization field of 0.9 MV · cm −1 , while being almost zero at the edge. This means that the reduced QCSE observed in NWs devices is a consequence of the high localization of carriers at the edge of the Qdisks, where the strain is minimal [9] . Moreover, NWs, can be grown catalyst-free on economical foreign substrate without the formation of threading dislocation in the active region [10] . Though a large free surface may lead to unwanted surface trap states, IQE values of more than 50% have been demonstrated in AlN and AlGaN-based NWs, due to the spontaneous formation of AlGaN core-shell structure acting as a self-passivation layer [11] , [12] . Despite the recent interest in UV NWs devices, much less attention has been geared towards the design of the NWs structure.
Active region designs based on both double heterostructure (DHT) [13] , [14] and quantum confined structures [15] - [19] have shown promising results. Quantum-confined structures have the advantage of allowing increased carrier densities which directly result in lower recombination lifetimes and increase in radiative recombination rates. In addition, smaller linewidths for the EL spectrum have been obtained using Qdisks in NW. Currently, there are only very few works focusing on systematic active region design based on AlGaN/GaN Qdisks in NW structures [20] .
Other than device performance parameters such as optical power and quantum efficiencies, LEDs reliability constitutes an important factor for device applications. In fact, during operation, LEDs show a reduction in efficiency, and at elevated current, catastrophic failure. Different processes have been addressed as responsible for the optical power such as contact degradation, non-radiative recombination centers generation, tunneling, thermal emission etc [21] - [23] . However, the main origin is still under investigation. Few reports show temperature-related activation energies of the degradation process ranging from 0.13 to 0.27 eV correlated to the reduction in optical power and increase in junction temperature in planar AlGaN-based LEDs [24] - [26] . Meneghini et al. analyzed the stability of GaN-based LEDs. They found that the prolonged injection current causes device degradation mainly due to non-radiative recombination centers in the active region while the hightemperature study induces ohmic contact degradation [27] . Notwithstanding the technology infancy of NWs compared to planar structures, it is important, for eventual application, to understand the mechanism behind such degradation.
Here we report a comparison of UV-A emitting structures with varying Qdisks thickness and a graded top Mg doped AlGaN layer, all operating at room temperature. The devices with thicker Qdisks show a 100× higher direct recombination rates compared to the thin-Qdisks device. The LED with thicker top Mg-doped GaN layers showed lower turn-on voltage of around 6.1 V but at the trade of weaker collected signal. The device with UV-transparent graded p-AlGaN layer obtained in unification with a thinner p-GaN layer showed 10× enhancement in the output power. A higher turn-on voltage of 9 V was due to the relatively higher Al composition in the Mg doped top AlGaN layers. The degradation mechanism that limits the NWs LED reliability is studied using the LED rate equation based on the ABC model. At 16 A/ cm 2 , the device shows a good stability with no sign of degradation in optical power output. Lower non-radiative recombination center concentration was indirectly obtained from L-I curves, confirming the higher crystal quality of NWs compared to previously reported planar structures.
Experimental Description
The UV NWs p-i-n LEDs structure was grown catalyst-free on n-type (100)-silicon substrate using plasma-assisted molecular beam epitaxy system (PAMBE) under N 2 -rich conditions. Following HF treatment to remove the native oxide, the substrates were immediately loaded into the loadlock chamber. HF treatment results in hydrogen-terminated surface which repels oxide formation. Hence, further oxidation after HF cleaning is improbable. To remove any water components, the samples were outgassed in the load-lock at 200°C using the IR filament. Outgassing at 650°C was subsequently done in the buffer chamber to remove any organic-based contaminants. The substrate was then ramped up to 900°C and kept there for 30 mins to ensure oxide-free surface. Up till the initiation of the growth, the wafer was kept away from the sources to avoid any unwanted nitridation of the surface.
The growth was initiated with a nucleation step at 702°C to achieve high density, vertically aligned and uniform NWs. Following growth of ∼150 nm of Si-doped GaN layer, the growth temperature was raised to 740°C. A graded layer (n-GaN → n-Al 0. 27 The 0.5 × 0.5 mm 2 UV NW LEDs were fabricated using the standard UV contact lithography process. The samples were first cleaned by dipping in buffered HF solution for 10 s. Tilt-angle deposition using e-beam evaporator at 45°of Ni (5 nm)/Au (5 nm) was done directly on top of p-GaN layer, which formed an ohmic contact, upon annealing at 550°C in atmospheric ambient for 1 min. The thickness of Ni/Au was selected to provide good current spreading, as well as being sufficiently transparent to UV light. Ni (10 nm)/Au (500 nm) were then deposited as the top p-contact pad for probing. For n-contact, Si backside was etched by 200 nm using deep-reactive-ion-etching (DRIE) to expose a clean surface, followed by Ti (10 nm)/Au (150 nm) sputter deposition as n-contact pad.
Room temperature photoluminescence (RTPL) measurement was performed using a 266-nm pulse laser (Teem Photonics SNU-20F-100, 10 mW average power, ∼1 mm in diameter). The PL signal was collected using a UV objective (Thorlabs LMU-15X-UVB, with anti-reflection coating (ARC) for the 240-360 nm range) and was focused into a monochromator (Andor Shamrock-750) using a 50:50 beam splitter (Thorlabs BSW19, with ARC for 250-450 nm range). Signal was measured using a cooled (−80°C) UV/VIS silicon-based CCD camera (Andor iDus DU420A-OE) connected to the monochromator. Electroluminescent (EL) experiments were done using the PL setup with a camera attached to a beam-splitter mount. A current source (Keithley 2400) was used to inject direct current (DC) into the UV devices. The power was measured using a silicon photodetector with a power meter (Newport 818-UV and 1936-C, respectively). Scanning electron microscopy (FEI Nova Nano 630) was used to investigate morphology and area density of the NWs. prevents the top metal to coat the NWs sidewalls, and it helps in reducing carrier leakage during the device test. Fig. 1(d)-(f) show the tilted-view SEM and the length distribution charts with values from 450-500, 460-500, and 420-490 nm for sample 1, 2 and 3. The areal density of the samples was also estimated to be ∼ 1.2 × 10 10 , 9.2 × 10 9 , and 1 × 10 10 cm −2 , respectively. Due to the similar areal density obtained, we can emphasize the repeatability of the growth process. The NWs are expected to be n-polar as they were grown under nitrogen-rich conditions [28] . The NWs exhibit inverse tapered shape being thinner at the bottom (∼30 nm) and reaching a diameter of ∼65 nm at the top. This is due to the variation in growth temperature and slight lateral growth preference due to high Ga adatoms mobility. An encapsulation of active region with few nanometers of AlGaN having high Al content was also observed due to a limited Al-adatom diffusion-length. Fig. 2(a) shows the schematic structure of the three devices. Qdisk thickness in sample 2 and 3 is kept same at ∼5 MLs and is double that of sample 1 (∼2 MLs). In this design, thin GaN Qdisks are used to achieve shorter wavelength due to large quantum confinement. The design of sample 3 was further improved with a larger graded p-AlGaN layer and reduced p-GaN thickness. This was done to improve light extraction properties of the UV device. The p-GaN thicknesses for sample 1 and 2 were kept constant while having similar grading scheme over 10 nm. Grading was done to reduce the energy barrier for electrons and holes entering the active region.
Results and Discussion
To investigate the emission properties of the three samples, PL measurements at room temperature were performed (Fig. 2(b) ). Well defined emission peaks and PL intensity is an indication of improved carrier recombination mechanism in Qdisk structures with good AlGaN crystalline quality. The PL emission from the three samples shows a blue shift due to the quantum confinement effects, compared to the expected ∼364 nm emission from the bulk GaN. The slightly different emission peaks between the three samples are mainly due to the inhomogeneity across the wafer due to temperature gradient during the NWs growth. It was reported that strain distribution and polarization charges along the NWs highly affect the emission wavelength, showing variation from the Qdisks even within the same NW [29] . The three samples have also similar FWHM of 20 nm, 21.4 nm, [14] . The emission from the Qdisks has a smaller FWHM which correlates with homogeneous NWs and Qdisks with strong spatial localization (quantum confinement).
To study the quantum confinement effects in thin QWs, one-dimensional band modeling was performed using the nextnano 3 software. As the NWs were grown on Si, crystal orientation with n-polarity was adopted and the band offsets E C / E V at heterointerfaces were adjusted to be close to 70/30 ratio [30] . Fig. 3(a)-(c) show the calculated band diagrams for the three AlGaN/GaN samples under forward bias of 3.5 V. Fig. 3(d) -(f) depict the calculated Shockley-Read-Hall (SRH), Auger and direct recombination rates, respectively. Samples 2 and 3 show a 100× improvement in the direct recombination rate due to the higher average carrier density (thicker Qdisks). By simulation, we estimated the average electrons concentrations of 1.6 × 10 18 cm −3 , with holes concentrations of 2.9 × 10 18 cm −3 in sample 2 and 3; as well as 0.42 × 10 18 cm −3 and 0.1 × 10 18 cm −3 , respectively, in sample 1. At higher current values, SRH recombination is expected to decrease while direct and Auger will increase with the n 2 and n 3 relationship, where n is the carrier density. In the simulation the non-radiative recombination rates in sample 2 and 3 scale with the carrier densities according to the carrier recombination loss rate relation: R = A n + B n 2 + Cn 3 , where A, B and C are the SRH, radiative and Auger recombination coefficients, respectively. However, for large bandgap materials, Auger recombination coefficient is expected to be relatively low [31] . It was reported that NWs have reduced defect-assisted Auger recombination [32] compared to the planar counterparts, thus contributing to high device performance. Furthermore, having larger number of Qdisks reduces the overall carrier density in each case, thus further reducing non-radiative Auger recombination rate. The calculated bandgap is 3.78 eV (328 nm), which correlates well with the PL peak emission wavelength. It is noted that the AlGaN-based NWs show the spontaneous formation of the Al-rich AlGaN shell at the sidewalls, preventing the carriers from recombining at these interfaces and potentially leading to reduced non-radiative surface recombination [28] , [33] . Therefore, the surface recombination factor at the NWs sidewalls of the Qdisks was not taken into account in the calculation of the recombination rates.
We then characterized the three NWs UV LED samples at different DC-biases for L-I-V characteristics as illustrated in Fig. 4(a)-(c) . From the I-V plot, the turn-on voltage and respective series resistance for sample 1, 2 and 3 were measured to be around 6.1, 6.1, and 9 V, and 18.3, 14.5, and 77.8 , respectively. For sample 1 and 2, I-V behavior is comparable as predicted due to the similar doped layers. The apparent higher series resistance and turn-on voltage for sample 3 can be attributed to the larger average bandgap for the Mg-doped graded layers and lower ionization of dopants. For all samples, the insulating SiN x layer at the NWs/silicon interface also introduces a resistive layer resulting in larger turn-on voltage compared to their bandgaps. Other published works have reported onset voltages of up to 7.2 V for UV-A (320-400 nm) NW-based LEDs [14] , [16] , [28] , [34] , [35] . It is also noted that the Mg activation energy increases almost linearly with Al content, as well as the resistivity. Moreover, the deep acceptor states induced by Mg doping reduces the amount of carriers reaching the active region, hence increasing the turn on voltage. The large turn-on voltage of sample 3, can then be reduced by optimizing the growth of the p-dopant in the p-AlGaN layer, therefore reducing the deep level recombination.
Having larger active region volume and therefore higher direct recombination rates, sample 2 and 3 exhibited higher optical power compared to sample 1 at similar injection current. This is evident in Fig. 4 (a) that sample 1 requires 160 mA to achieve the same output power as that of sample 2 at 100 mA. Moreover, a significant improvement in output power was observed for sample 3 (p-Al 0.35 Ga 0.65 N → p-GaN/p-GaN as p-contact layer) compared to sample 2 (p-GaN as p-contact layer), both grown with nominally the same thickness of p-contact layer. This difference is due to the significant absorption in the UV regime for sample 2 having all p-GaN contact layer, thus reducing light extraction. Nevertheless, a thinner p-GaN in sample 3, with Al 0.35 Ga 0.65 N → p-GaN graded layer led to a larger turn-on voltage. Fig. 4(d)-(f) show the room temperature band-edge electroluminescence (EL) under different DC biases for samples 1, 2 and 3. All three samples show peak emission at ∼ 340 nm along with a hump beyond ∼360 nm which can be ascribed to recombination in the sub-bandgap extended states in the p-GaN layer [36] . The slight differences observed in the emission spectra shape are mainly due to the inhomogeneity introduced by NWs initial nucleation, which is a thermodynamicallygoverned random process. This leads to variation in morphology of the NWs and in turn emission inhomogeneity. For the same reason, we obtained slightly different emission in the PL spectrum. Similar differences between PL and EL emissions have been observed by Sarwar et al. [29] The corresponding linewidths of the samples 1, 2 and 3 are 15.4, 13.3, and 13.6 nm as obtained with a Gaussian function fitting. Further LEDs characterization reveals that the emission peaks are nearly independent of injection current and display a negligible blue shift when the injection current was increased from 10 to 100 mA (see Fig. 4(d)-(f) ). An insignificant band filling effect is due to a reduced alloy broadening effect in AlGaN under optimized growth kinetics [37] , [38] . The blue-shift behavior, however, does occur in AlGaN quantum well based planar devices in the presence of high polarization fields [39] . However, such effect is reduced in NWs due to lateral strain relaxation at the nucleation site [10] , [40] , [41] .
In order to investigate the device degradation mechanism, sample 3, which has the highest output power, was subjected to electrical stress over 5 hours period. Fig. 5(a) shows the power-voltage plot as a function of aging time at 16 A/ cm 2 (40 mA) injection current at room temperature. The relatively low injection current used ensures that, during stability test, the device self-heating is limited with respect to room temperature, and hence the effects of thermal stress can be attributed principally to carrier flow [27] . The output power and operating voltage stay almost constant, signifying that the device can sustain such injection current without sign of degradation or catastrophic failure. We analyzed the dominant recombination mechanisms in the device before and after stress. From charge neutrality conditions we can express the LED rate equation as [42] : where d is the active layer thickness, l m is the minority carrier diffusion length, J is the current density, q is the unit charge, A, B and C are the Shockley-Read-Hall, radiative and Auger recombination rates, respectively, and J L is the leakage current. Under steady state dn dt = 0, and for the case of large band-gap materials such as AlGaN, the Auger recombination can be ignored and does not change with stress time. Moreover, under high injection current, and if radiative recombination is more prominent than the non-radiative, eq. (1) can be rewritten as:
where L is the output power that is proportional to J having a slope ∼ 1 in the log-log L-I plot. The optical power can then be expressed with a linear behavior as:
where α is a luminescence factor (W/A for I > I th ) [43] . On the contrary, if the non-radiative processes are more pronounced than radiative, L is proportional to J 2 since
hence, the slope of the log-log L-I curve is ∼2. Therefore, the optical power follows a quadratic behavior as:
where γ is a luminescence factor (W/ A 2 for I < I th ). Fig. 5(b) depicts the power-current plot after a 5-h soft stress test. As stated above, we can distinguish two regimes where the power follows a quadratic and linear behavior. We noticed a change in optical power curves between the samples tested before and after stress test. Using eq. (6), we extracted the γ factors for both devices. A decrease of approximately 30% was observed. On the other hand, α factor remained almost constant. Considering Eq. (5), we can then conclude that (B/ A 2 ) is the only factor that causes the optical power degradation, hence only the LED active region is degraded.
Furthermore, by extrapolating the slope of the log-log L-I curve at low and high current injection we studied the dominant recombination mechanisms as shown in Fig. 5(c) . Before and after stress the slopes in the high injection regime (J > 20 A/ cm 2 ) are 0.93 (P HI , in blue) and 0.95 (P HI , in red), confirming that the non-radiative recombination rates saturate and the radiative recombination rates dominate (slopes ∼1). On the other hand, at low injection current (J < 8 A/ cm 2 ) the slopes are 1.09 (P LO , in black) and 2.23 (P LO , in orange), respectively, inferring that non-radiative processes dominate after electrical stress (slope ∼2), leading to device degradation related to non-radiative recombination centers [44] . Fig. 5 (c) also shows a comparison with a GaN-based LED before and after stress test performed by Meneghini et al. [27] Similar to our results, at high current the slopes show values of 0.95 and 1.05 for samples before (P HI , in blue) and after stress (P HI , in red), respectively, meaning that radiative recombination rate dominates in this regime (slopes ∼1). At low current, however, the values slightly differ, namely higher than AlGaN NWs before stress (1.51 for GaN planar, 1.09 for AlGaN/GaN NWs) and lower after stress (1.81 for GaN planar, 2.23 for AlGaN/GaN NWs). This can be explained considering the lower concentration of defect states in NWs compared to planar structures that limits the non-radiative recombination processes.
It is noted that the generation of non-radiative centers is not the only cause of device degradation. As reported in early works, ohmic contact damage [21] , enhanced tunneling [22] , and Mg-related acceptors complexes related effect [23] contribute to device degradation. However, the contact damage was not noticeable on the NWs device, suggesting that the increase in defect density is the dominating mechanism of degradation.
Conclusions
In summary, the different design of AlGaN-GaN-based UV-A NWs LED grown on Si were compared. The vertically aligned NWs were grown using PAMBE with density, diameter and length in the range of ∼ 9.2 × 10 9 -1.2 × 10 10 cm −2 , ∼ 40 − 80 nm, and ∼ 420 − 500 nm respectively. A 100× improvement in the direct recombination rate was simulated for the samples with thicker nominal Qdisks thickness of ∼5 MLs compared to the ∼2 MLs-thick Qdisks sample, due to the larger average carrier density. Narrow EL linewidth of ∼15 nm and a negligible shift in EL peak wavelength for all the samples were obtained in the presence of Qdisks, confirming the compositional homogeneity, efficient quantum confinement, and negligible QCSE effect. A thicker graded p-AlGaN layer and thinner p-GaN contact-layer gave the highest optical power thus emphasizing the need for a transparent conductive top p-layer for devices having higher light extraction efficiencies. However, such scheme may lead to larger turn-on voltage, thus a tradeoff exists. A stress test of a NWs-LED completes the study in understanding the contribution of non-radiative recombination defect center after extended device operations. Although UV-A planar devices already show EQE of ∼20%, the NWs on silicon platform provide a cheap alternative with a potential to surpass the commercially available EQE due to the low dislocation densities and the reduced polarization fields that is still present in the planar counterparts. We argue that due to the infancy of the NWs technology, more work is required on designing and processing the LEDs structure. For example, attention is required on the p-GaN top layer that hampers the light extraction, improvement in the injection efficiency, and passivation studies of the NWs surface. This work thus shed insights into potential advancement of the group-III-nitride NWs research towards practical and eventual commercial applications across the full UV spectrum.
